We report a plasma-based strong THz source generated in intense laser-solid interactions at relativistic intensities >10 18 W/cm 2 . Energies up to 50 lJ/sr per THz pulse is observed when the laser pulses are incident onto a copper foil at 67. 5 . The temporal properties of the THz radiation are measured by a single shot, electro-optic sampling method with a chirped laser pulse. The THz radiation is attributed to the self-organized transient fast electron currents formed along the target surface. Such a source allows potential applications in THz nonlinear physics and provides a diagnostic of transient currents generated in intense laser-solid interactions. Terahertz (THz) radiation, which is located between the infrared light and microwaves in the frequency domain, attracts much interest due to its wide applications. 1 Tabletop THz sources can be generated by using optical pulses to pump various neutral materials. [2] [3] [4] [5] With the tilted laser wavefront scheme, [6] [7] [8] THz pulse energies up to 30 lJ has been obtained. On the other hand, plasma is a promising medium to generate strong THz radiation, 9 which overcomes the damage problem of neutral materials when the pump laser intensity is high. Observations of THz radiation from femtosecond laser-induced plasma filaments in air or in other low density gases have been reported. 10, 11 By applying a "bias field," which is provided by an external electric field or a "second harmonic optical field," such THz radiation can be much enhanced. [12] [13] [14] [15] [16] [17] However, the radiation is subject to saturation due to the limitation of laser intensity (typical <10 15 W/cm 2 , resulting from plasma defocusing effect 18 ), low electron number, and THz re-absorption. 16, 19 In contrast to neutral materials and plasma filaments in low density gases, almost arbitrarily high laser energies and intensities can be used in laser-solid interactions. THz pulses with energies of 1 lJ/sr were observed from solid targets irradiated by laser pulses at optical intensities $10 19 W/cm 2 .
20
Sagisaka et al. also obtained 0.5 lJ/sr THz pulses from thin foil targets. 21 These observations show the feasibility to produce strong THz sources with solid targets irradiated by high intensity laser pulses, though the generation mechanisms are still not well understood. 22 Obviously, the THz emission in such interactions shall be relevant with the generation of fast electron beams. It has been reported that the ultrafast electron bunches produced from laser wakefield acceleration in underdense plasma can result in powerful THz emission with energy about 3-5 lJ/sr per pulse at the plasma-vacuum boundary via transition radiation. 23, 24 Since the electron bunches produced in laser-solid interaction may contain more charges, in principle, one can expect more powerful THz emission.
In this Letter, we present experimental and theoretical investigations on THz pulse generation in the relativistic laser-solid interactions. Strong THz emission with energy $50 lJ/sr per pulse is observed. The polarization, temporal, and spectral properties of the THz pulse are characterized. It is believed that a transient self-organized fast electron current along the target surface is mainly responsible for the observed THz pulse generation.
The experiments were carried out using the xtreme light II (XL-II) Ti: sapphire laser system at the Institute of Physics, Chinese Academy of Sciences. Figure 1 shows a schematic view of the THz measurement. A linearly polarized laser pulse with an energy up to 150 mJ in 100 fs at 800 nm was focused onto a 30 lm thick copper foil at an incidence angle 67.5 using an FIG. 1. Schematic of the THz measurements. A femtosecond laser pulse was focused onto a copper foil at 67.5 in the vacuum chamber. A THz lens aligned in the specular direction was used to collect the THz emission. After the THz vacuum transmission window, the collected THz pulse was split by a pellicle into two arms. The transmitted one went into a pyroelectric detector for energy measurement. The reflected one for waveform measurement. The polarization of the THz pulse was measured by a wire-grid polarizer. f/3.5 off-axis parabolic mirror. The laser pulse can be p-or s-polarized by using a half wave plate. The target size was 100 Â 200 mm 2 . The diameter of the focal spot was $5 lm. The corresponding laser intensity was up to 2.7 Â 10 18 W/cm 2 . A THz lens with a collection solid angle 0.11 sr, aligned in the specular direction, was used to collect the THz emission. After a THz vacuum transmission window, the collected THz pulse was split by a pellicle into two arms. The transmitted one went into a calibrated pyroelectric detector with a response range from 0.3 to 21 THz for energy measurement, while the reflected one for temporal waveform measurement. Silicon and plastic filters were set before the pyroelectric detector to transmit the THz radiation and block the visible light. The polarization of the THz pulse was measured by a wire-grid polarizer.
The waveform was measured by electro-optic sampling method with a chirped laser pulse. 25, 26 In our solid experiment, we fired the laser in every few minutes. To obtain the waveform in a real single shot, we have developed a modified spectral-encoding detection system, in which the chirped probe beam was split into two parts, the reference beam and the beam modulated by the THz pulses. The two beams were sent to the same imaging spectrometer with two fibers simultaneously. In this way, we could obtain the spectra of the reference and modulated beam simultaneously. Figure 2 shows the measured waveform and the normalized spectrum of the THz radiation produced when a p-polarized laser pulse is incident onto the target surface. The whole width of the THz pulse is about 1.5 ps. The peak frequency is about 0.5 THz. Note that there is a high frequency detection cutoff for a ZnTe crystal due to the first transverse optical phonon resonance. 27 After considering the dispersion effect, the cutoff is about 2.5 THz for the 1 mm thick ZnTe used in our experiment. 28 To overcome the limitation of the spectral encoding system, a set of low-pass multi-mesh filters with edges at 10, 5, 3, 1 THz were also used in front of the pyroelectric detector to estimate the spectrum. It is found that most THz energies are concentrated below 1 THz even though the whole emission is extended to a wide range up to 20 THz. Considering the lower limit of the detector, the result obtained with the filter method indicates that the peak of the THz emission spectrum is between 0.3-1 THz. This agrees with the result given by the spectral encoding method.
There are two main distortions often observed in THz measurement with the spectral encoding technique. 26, [29] [30] [31] The first comes from the mismatch between the detection time window or the chirp rate of the probe pulse and THz pulse length, the second stems from the strong THz signal due to the omit of the quadratic part of the modulation strength. Since the result obtained by the spectral encoding method is consistent with that by the filter method, as well as the normalized intensity of the lower frequency part of the THz spectrum is relatively low (only 0.4 at the beginning), these two distortions in our measurements should be small. Figure 3 shows the dependence of the THz pulse energy on pump laser energy. Each data point was taken by an average of $10 shots. The energy of the THz radiation monotonically increases with laser energy. For the laser energy of 130 mJ, the THz energy is up to 5.5 lJ in 0.11 sr, which corresponds to 50 lJ/sr. We find that the radiation is dependent on the preplasma density scale length. 32 Unlike laser-gas interactions, 16 no saturation effect is observed. In our previous experiments, we also measured the angular distribution of THz radiation. 33 The results show that the THz pulse is not collimated but emitted into the space in front of the target with a very large divergence angle. With the measured energy and angular distribution of the THz pulse, the total conversion efficiency from laser energy to THz pulse is estimated to be >10 À3 , which is similar to the two-color field 16 and titled wavefront 6 schemes. Higher THz pulse energy could be achieved if the laser energy or intensity is further increased. Figure 4 shows the THz intensity as a function of the rotation angle of the wire-grid polarizer for p-and s-polarized laser pulses, respectively. We find that the THz polarization direction is always within the laser incident plane (which is defined by the laser propagation axis and the target normal), no matter the incident laser pulse is p-or s-polarized. The THz polarization direction is illustrated by a blue arrow in Fig. 1 . The polarization extinction ratio is about 10:1. The maximum THz intensity for the s-polarized laser pulse is lower by $5 times than that for the p-polarized. The fact that the radiation is polarized indicates that the measured signals are not thermal emission. Two generation mechanisms have been proposed for the THz radiation in the laser-solid interactions, accelerated current arising from the longitudinal ponderomotive force 20 and "antenna mechanism." 21 The two mechanisms are not sufficient to explain the features we have observed. If the current is driven by the longitudinal ponderomotive force, the current and the THz radiation will be almost independent of the incident laser polarization. This, however, is different from our experimental observation that a 5-time enhancement in the THz output energy for p-polarized laser pulses comparing with that for the s-polarized light. According to "antenna" model, in which the THz frequency is determined by the target size, our 100 Â 200 mm Cu foil targets will generate THz radiation at $0.006 THz. This is much different from our measurement. When the laser pulse is focused on the target at different distances from the target edge, the THz frequency did not change either. Gao et al. also did not observe clear correlation between the THz frequency and the target size when a long wire was used as a target. 22 The strong THz radiation observed indicates that a net current should be excited in the plasma. In the interaction of a relativistic laser pulse with a solid foil, energetic (fast) electrons with a temperature from several hundreds keV to several MeV can be generated. 34, 35 These fast electrons will form a transient current. There are two kinds of currents that can be formed in the interaction. One is a longitudinal current generated by the ponderomotive force of the relativistic laser pulse in the laser propagation direction. This kind current basically exists in the high density region. The observed THz radiation in our experiments should not be induced by the longitudinal current, since the THz wave cannot escape from the high density region. Another is the lateral current, which comes from the fast electrons propagating nearly along the target surface due to the confinement of the spontaneous quasistatic magnetic and electrostatic fields at the surface. [36] [37] [38] [39] The lateral current will be strong when the laser incidence angle is large. In our experiments, we find that the dependence of the THz radiation on laser conditions (polarization, intensity, etc.) is quite similar to that of the lateral current. This enables us to believe that the THz radiation observed may originate from the lateral current. To check this, we have performed two-dimensional (2D) particle-incell (PIC) simulations to observe the surface current distributions under our experimental conditions.
In the simulations, the target is an overdense plasma slab located in the region 10-15 k 0 in x-direction and 20-80 k 0 in y-direction, where k 0 is the laser wavelength (see Fig. 5 ). The target density is 6n c , where n c is the critical density. A ppolarized laser pulse is launched at the position (0,0) and irradiate on the front target surface at an incidence angle 60 with an intensity 2.6 Â 10 18 W/cm 2 . The laser pulse duration is 80 fs and the size of the laser focal spot is 6 lm. In the simulations, the spatial cell size is 0.05 laser wavelength, the temporal resolution is 0.025 laser cycle, and there are 25 electrons and ions per cell. Figure 5 shows the simulated distributions of the electron current along the y-direction at the time of 50, 60, and 70 laser cycles after the laser pulse is launched. We can see that a well-confined electron current sheet is excited along the vertical vacuum-target interface. The depth of the current sheet in the x-direction is far less than k 0 . The current flows in the y-direction with time.
A picosecond-order timescale (for example, a THz wave at 0.1 THz corresponds to a timescale 10 ps) is required to observe the complete process of the THz wave generation. This is extremely difficult for PIC simulations, since serious numerical noise will arise for high density solid plasmas in several picoseconds. In our experiment, the sizes of the laser focus and the surface current are much smaller than both the distance from the plasma to the detector, R 0 , and ffiffiffiffiffiffiffiffiffiffiffiffi 2R 0 k T p , where k T is the wavelength of the THz radiation. Therefore, we can consider the current as a point source and ignore the phase differences of the radiation at different positions of the current. 40 Thus, we can use a far field approximation model to describe the features of the THz pulses originated from the lateral current qualitatively. Since simulations and observations show that the surface current strength is increased with the laser intensity, I 0 , the surface current can be expressed as J peak current, which is in proportion to I 0 . According to the far field approximation, the THz electric field at the detector is written asẼ THz $ 2J 0 texpðÀt 2 =s 2 0 Þ c 2 s 2 0 R 0 ð1 þñÁbÞñ Â ðñ Âẽ y Þ, whereñ is the unit vector directing from the current center to the detector, b is the average velocity of the electrons in the current, and c is the speed of light. With surface current source and the model, we can understand most features of the observed THz radiation. From the expression ofẼ THz , we can see the THz amplitude increasing with the laser intensity, like the results in Fig. 3 . The model indicates that the THz radiation in the laser incident plane is always p-polarization, no matter a p-or s-polarized pump laser pulse is used. This is in agreement with the result in Fig. 4 , in which the data are measured by the detector set in the incident plane. More laser energy is deposited into the plasma with a p-polarized laser pulse than with an s-polarized laser pulse. 41 This will lead to a stronger current and a consequent stronger THz radiation for the p-polarized laser pulse. The radiation energy per solid angle of the THz source can be expressed as dP
2 , where h is the angle betweenñ and b. The angular distribution obtained from this equation is also consistent with that measured in our experiment. 33 Using the measured THz radiation and the approximate model, we can estimate the magnitude of the transient current generated in the intense laser-solid interactions. Taking dP X =dX$50 lJ/sr and b $ 0.78 c (corresponding to a fast electron temperature 300 keV), 36 the peak magnitude of the current is $10 MA, which indicates $10 12 electrons generated during the laser duration.
In summary, a strong tabletop THz source from femtosecond laser-solid interactions has been generated at the relativistic laser intensity >10 18 W/cm 2 . The energy of a single THz pulse can be up to 50 lJ/sr with only $100 mJ laser pulses. The total conversion efficiency from the laser pulse to the THz radiation in the whole space is >10
À3
. A self-organized fast electron current model is proposed to understand the generation of THz radiation. More powerful THz pulses with energies up to mJ or even higher are expected with petawatt laser systems available nowadays. Such sources would allow some applications in the THz range, such as real time imaging of dynamical process of materials with picosecond time resolution, excitation of nonlinear phenomena, etc. Furthermore, the THz radiation is also a diagnostic of the transient electron currents generated during relativistic laser-plasma interactions.
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